Aminolysis of 3-alkoxycyclobutenylidene complexes offers a convienient and high-yield route to a variety of 3-aminocyclobutenylidene complexes. Thus, the 3-diethylaminocyclobutenylidene complexes [(CO) 5 Cr C( C(Me) C(NEt 2 ) Ç 
Introduction
Pentacarbonyl(vinylidene) complexes, [(CO) 5 M C CR 2 ], react with ynamines, R% C C NR%% 2 , by cycloaddition of the C C bond to the C a C b bond of the vinylidene ligand [1 -3] (Scheme 1). The resulting 3-aminosubstituted cyclobutenylidene complexes constitute organometallic push-pull systems in which a strong donor, NR%% 2 , and the acceptor fragment (CO) 5 M are connected by a four-membered cyclic p-system. Related homo-and heterobinuclear cyclobutenylidene complexes have been obtained by reaction of vinylidene complexes with alkynyl complexes [4 -9] . The reactions of MeC CSMe with [(CO) 5 5 Cr C C(CH 2 ) 5 ] [3] likewise afford cyclobutenylidene complexes.
From the spectra of 3-aminocyclobutenylidene complexes it follows that the dipolar resonance form II Scheme 1.
Scheme 2.
Cyclobutenylidene complexes can be regarded as Fischer-type carbene complexes featuring a cyclic carbene ligand (see resonance form I, Scheme 1) with an electrophilic center at the C3 carbon atom (see resonance form II). Carbene complexes [(CO) 5 M C(OR)R%] %react with ammonia, primary and secondary amines, HNR 1 R 2 , by substitution of the OR group to form aminocarbene complexes, [(CO) 5 M C(NR 1 R 2 )R%] [11] . Transfer of this type of reactivity from carbene to cyclobutenylidene complexes should offer a convenient route to aminocyclo-butenylidene complexes.
Results and discussion
Previously, only two 2-alkoxy-substituted cyclobutenylidene complexes have been reported, a tungsten complex [3] and 3a [1] . Compound 3a was obtained by cycloaddition of 1-ethoxypropyne (2) to the vinylidene ligand of 1a. The analogous reactions of 1b and 1c with 2 afford the 2-ethoxycyclobutenylidene(pentacarbonyl)chromium complexes 3b and 3c (Scheme 2).
The reaction rate strongly depends on the substituents at the C b atom of the vinylidene complexes and increases in the series 1cB 1aB1b. The cycloaddition is accompanied by a shift of the w(CO) absorptions of the pentacarbonyl fragment towards smaller wave numbers (Dw = 25-43 cm − 1 ) and of the resonance of the metal-bound C a towards higher field (Dl =30-70 ppm). These shifts indicate that addition of ethoxypropyne transforms the vinylidene ligand into a new ligand with significantly higher donor properties. When solutions of 3a-c are cooled to − 80°C the resonances of the OEt substituent neither split nor broaden. Therefore the contribution of the dipolar resonance form (compare form II in Scheme 1) to the overal bonding description is small. The 13 C-NMR resonance of the C1 (carbene) atom is between l=330 and 336 ppm and is comparable to that of the carbene carbon atom in alkenyl(alkoxy)carbene complexes. The assignment of the C2 and the C3 atom of the ring has been established by C,H correlation of C3 with OCH 2 in the HMBC spectrum. The C3 atom in 3b,c [l=186.0 (3b) and 180.2 (3c)] is more deshielded than the C2 atom [l= 150.0 (3b) and 155.3 (3c)]. From the C3 resonance at rather low field (l= 180.2-186.0) a COlike reactivity of C3 might be deduced.
In accordance with this conclusion, the cyclobutenylidene complexes 3a-c rapidly react with diethylamine by substitution of the ethoxy group (Scheme 3). Even at −40°C, the reaction is complete within less than one minute. Products derived from addition of diethylamine to the C1 atom of 3a-c are not observed.
The aminolysis is essentially quantitative, the isolated yields are between 93 and 96%. The spectra of the complexes 4a-c are identical with those prepared ear- Scheme 3. (Scheme 1) considerably contributes to the overall bonding situation.
In solution, these cyclobutenylidene complexes exhibit significant nonlinear optical properties. The first hyperpolarisabilities i (SHG) as determined by hyperRayleigh scattering are similar to the i-value of p-nitroaniline. The observation of NLO effects on a macroscopic scale of solid samples requires that the compounds crystallize in an acentric space group. However, this precondition is not met by those cyclobutenylidene complexes where NR%% 2 is NMe 2 , NEt 2 , etc. The same applies to most other organometallic compounds. In general, more than 80% of organometallic compounds crystallize in a centric space group. The problem connected with crystallization in an acentric space group can in principle be circumvented by introducing a stereogenic center into the complex and by employing enantiomerically pure compounds. Following this reasoning we prepared the 3-(R)-methyl(phenylethyl) amino-substituted and the 3-(S)-2-methoxymethyl-pyrrolidino-substituted cyclobutenylidene complexes (complexes 6a -c and 8a -c, see Schemes 4 and 5, and determined their NLO response by the Kurtz powder method. In accordance with our assumption, crystalline samples of several of these complexes show considerable NLO effects. Unfortunately, the synthesis of the chiral ynamines required for the preparation of cyclobutenylidene complexes by the cycloaddition route is a multi-step, time-consuming process and affords the ynamines in rather low overall yields. We therefore searched for an alternative approach to 3-aminosubstituted cyclobutenylidene complexes.
lier by addition of 1-diethylaminopropyne to 1a -c. The w(CO) absorptions appear at even smaller wave numbers than those of 3a -c indicating an increase in electron donation from the cyclobutenylidene ligand to the (CO) 5 Cr fragment. The 1 H-NMR spectra of 4a-c show two distinct sets of signals for the NEt 2 protons. No line broadening is observed when solutions of 4b in toluene-d 8 are heated to 110°C. From a detailed analysis of the ROESY spectrum of 4b a barrier for the rotation around the C3 NEt 2 bond of DG " =80 9 2 kJ mol − 1 can be deduced in accordance with a significant contribution of the resonance form II to the overall bonding.
The reactions of 3a-c with (R)-N-methyl-1-phenylethyl amine ((R)-5) (Scheme 4) and (S)-2-methoxymethyl-pyrrolidine ((S)-7) (Scheme 5), respectively, also proceed very fast and at − 40°C are complete within about 1 min. After chromatography, the resulting complexes 6a-c and 8a-c are obtained in yields ranging from 75 to 93%. This fast, high-yield aminolysis route offers considerable advantage over the alternative pathway involving cycloaddition of (R)-1-N-methyl-1-phenylethyl amino-1-propyne and (S)-2-methoxymethyl-pyrrolidinopropyne to 1a-c since it does not require the synthesis of chiral ynamines [3] .
All complexes are isolated as mixtures of the E and the Z isomer. The E/Z ratios (E/Z= 69:31 (6a), 57:43 (6b), 65:35 (6c), 15:85 (8a), 16:84 (8b) and 64:36 (8c)) agree very well with those of 6a-c and 8a-c prepared by reaction of the chiral ynamines with 1a-c [3] . This indicates that these E/Z ratios reflect the thermodynamic equilibrium and are not kinetically determined. Obviously, rotation around the C3 N bond is fast with respect to the preparative time scale.
The reactions of 3a,b with the methyl esters of the amino acids L-valine (9), L-phenylalanine (11) , and L-methionine (13) afford 3-amino acid ester-substituted cyclobutenylidene complexes in 82-94% yield (Scheme 6).
Complex 12a was isolated as the Z isomer only. The formation of the E-12a could not be detected. All other complexes were obtained as mixtures of the E and the Z isomers (with respect to the C3 N partial double bond). The combined yields of the E and Z isomers range from 82 to 94%. Analogously to 6a-c and 8a -c, the E and Z isomers interconvert presumably by fast rotation around the C3 N bond. The E/Z ratios therefore reflect the equilibrium distribution. In the cyclobutenylidene complexes derived from the dimethylvinylidene complex 3b the E isomer dominates [E/Z= 2 (10b), 3 (12b), the ratio for 14b could not exactly be determined]. Conversely, in the reaction of the cyclohexylvinylidene complex 3a with amino acid esters, predominantly the Z isomer is formed [E/Z= 0.56 (10a), : 0 (12a), 0.2 (14a)]. The UV-vis spectra are moderately solvent-dependent. The absorption at lowest energy assigned to a MLCT transition, shifts toward shorter wavelength when weakly polar solvents are replaced by more polar ones. The solvent-dependence of the amino acid ester-substituted cyclobutenylidene complexes is slightly more pronounced than that of the 3-amino-substituted complexes 6a,b and 8a,b (e.g. Dw =1180 cm − 1 (10a) and 862 cm − 1 (8a) [3] ). From a mixture of E/Z-10b in pentane/CH 2 Cl 2 it was possible to grow a few crystals of diastereomerically pure E-10b suitable for an X-ray structural analy- complexes. The w(CO) absorptions of 3-organylthiocyclobutenylidene complex are usually observed at ca. 10-20 cm − 1 higher wave numbers [3] due to the lower p-donor properties of the thio as compared to the amino group. The assignment of a 3-aminocyclobutenylidene structure to the complexes 16a-c on the basis of the IR spectra is supported by the 13 C resonance of the chromium-bound C atom of the cyclobutenylidene ring in the range l= 297-304 ppm. The corresponding signal of 3-organylthiocyclobutenylidene complexes is expected at about 30 ppm lower field.
Like amino acid ester-substituted cyclobutenylidene complexes, 16b and 16c are present in solution in the form of an E/Z equilibrium. The E/Z ratio as determined by integration of the NH resonance is 0.59 (16b) and 1.5 (16c). Analogously to other 3-aminocyclobutenylidene complexes the UV-vis spectra of 16a-c are solvent-dependent. The solvent-dependence is slightly more pronounced than that of 3-diethylaminocyclobutenylidene complexes [3] .
In summary, the reaction of 3-alkoxy-substituted cyclobutenylidene complexes with amines offers a convenient route to a variety of aminocyclobutenylidene complexes. The yields are usually in the range 80-95%. Chiral amines are easily introduced into the 3-position sis. E-10b crystallizes in the acentric space group P2 1 . The unit cell contains two independent molecules with slightly different bond length and angles. The structure of one molecule [E-10b(A)] is shown in Fig. 1 , selected bond length and angles are collected in Table 1 .
The structure of E-10b is similar to that of complex Z-6a [3] . The cyclobutenylidene ring is not planar but slightly puckered, the angle between the planes formed by the atoms C(6), C(7), C(9) and C(7), C(8), C (9) is 175.0°in molecule A and 177.2°in molecule B. Both C(sp 2 ) C(sp 2 ) distances [C(6) C(9) and C(8) C (9)] are almost equal in length, C(6) C(9) being slightly shorter than C(8) C(9). The C(8) N(1) distance is short [1.300(5) and 1.296 (5) A , ], considerably shorter than that expected for a C(sp 2 ) N(sp 2 ) single bond (1.355 A , [12] ). These bond distances indicate considerable p-interaction between the donor in 3-position (amino acid ester) and the (CO) 5 Cr acceptor, in accordance with a significant shorter Cr CO(trans) bond compared with the mean value of the Cr CO(cis) bonds [1.877 A , (molecule A) and 1.885 A , (molecule B)]. From these structural parameters it follows that both resonance forms I and II (Scheme 1) contribute almost equally to the overall bonding. In agreement with the conclusion the w(CO) vibrations of 10a,b, 12a,b, and 14a,b are observed at rather low wave numbers.
The selectivity of the nucleophilic substitution at the 3-position of the cyclobutenylidene ring was investigated by use of the difunctional aminothiole cysteine (15) . Even at −40°C the complexes 3a -c react in methanol with 15 within a few seconds to give the 3-aminocyclobutenylidene complexes 16a -c in 70 -86% yield. There is no indication of the formation of the isomeric 3-organylthiocyclobutenylidene complex. The compounds 16b,c are obtained as mixtures of the E and Z isomers. In contrast, only the Z isomer of complex 16a is detected (Scheme 7).
The complexes 16a-c are thermally stable and can be kept in air for several weeks without decomposition. The w(CO) absorptions at rather low wave numbers establish that 16a-c are 3-aminocyclobutenylidene Table 1 Selected bond lengths (pm) and angles (°) of complex Z-10b
3.2. Synthesis of the 3-ethoxy-cyclobut-2-en-1-ylidene complexes 3b and 3c
At −80°C, 2 (15.5 mmol, 1.33 ml) is added to a solution of 10.2 mmol of 1b (1c) in 84 ml (40 ml) of CH 2 Cl 2 . After stirring for 10 min the solution is allowed to warm to r.t. within 45 min (about 12 h). The color of the solution turns red. The solvent is removed in vacuo. The residue is dissolved at −30°C in 100 ml of pentane and chromatographed on silica. With pentane-dichloromethane first a slightly yellow band (Cr(CO) 6 ) and subsequently a red band is eluted. The red band is collected. The solvent is removed in vacuo and the residue is recrystallized from 12 ml of pentane. of the cyclobutenylidene ring by employing the corresponding amines from the chiral pool. Thus, the very time-consuming synthesis of chiral ynamines connected with low overall yields can be avoided. Although usually E/Z equilibrium mixtures are obtained it is possible to shift the equilibrium completely towards one isomer by choosing suitable amino-substituents N(H)R.
Experimental

General
All operations were performed under an inert atmosphere (nitrogen or argon) by using standard Schlenk techniques. Solvents were dried by refluxing over CaH 2 (CH 2 Cl 2 , pentane) or sodium/benzophenone ketyl (Et 2 O) and were freshly distilled under argon prior to use. The silica gel used for chromatography (Baker, silica gel for flash chromatography) was nitrogen saturated. The yields refer to analytically pure compounds and were not optimized. Instrumentation:
1 H-and 13 C-NMR spectra were recorded with a Bruker AC 250, a Bruker WM 250 or a Bruker DRX600 spectrometer. If not specifically mentioned 1 H-NMR and 13 C-NMR resonances are reported relative to the residual solvent peaks of CDCl 3 or CD 2 Cl 2 . Unless specified, IR and NMR spectra are taken at room temperature (r.t.). IR: Biorad FTS 60 spectrophotometer; MS: Finnigan MAT 312 (EI, 70 eV). Elemental analyses: Heraeus CHN-O-RAPID. The vinylidene complexes 1a [10] , 1b [1] , 1c [9] , the 3-ethoxy-cyclobut-2-en-1-ylidene complexes 3a [3] , the alkyne 2 [13] and the amines (R)-5 [14] and (S)-7 [15] were prepared according to literature procedures. All other compounds were commercially available and were used without further purification.
At −40°C, cold diethylamine (4.8 mmol, 0.5 ml) is added to 0.25 mmol of 3 (3a: 95 mg; 3b: 85 mg; 3c: 115 mg). The color immediately changes from orange to yellow. The reaction is complete within ca. 1 min. as determined by IR spectroscopy. Excess diethylamine is removed in vacuo at r.t. The residue is extracted with 10 ml of pentane, decanted and dried in vacuo. The complexes 4a -c are obtained as yellow (4a,b) and orange powders (4c) and identified by comparison of their IR and NMR spectra with those of authentic samples. Yield: 4a: 100 mg (0.24 mmol; 93% relative to 3a). 4b: 95 mg (0.24 mmol; 93% relative to 3a). 4b: 115 mg (0.24 mmol; 96% relative to 3c).
Pentacarbonyl[(2-methyl-3-{methyl-(R)-(1-phenylethyl)amino}-spiro[5.3]non-2-en-1-ylidene]-chromium (E/Z-(R)-6a), pentacarbonyl[3-{N-methyl-(R)-(1-phenylethyl)amino}-2,4,4-dimethyl-cyclobut-2-en-1-ylidene]chromium (E/Z-(R)-6b), and pentacarbonyl[2-methyl-3-{methyl-(R)-(1-phenylethyl)-amino}-4,4-diphenyl-cyclobut-2-en-1-ylidene]chromium (E/Z(R)-6c)
At − 40°C, a solution of (R)-N-methyl-(1-phenylethyl)amine ((R)-5) (0.40 mmol, 54 mg) in one ml of methanol is added to a solution of 0.25 mmol of 3 (95 mg 3a, 85 mg 3b, 115 mg 3c) in 4.5 ml of methanol. Within 1 min, the color of the solution changes from orange to yellow. After stirring the solution for 30 min at −45°C the solvent is removed in vacuo. The yellow residue is dissolved in 10 ml of 1:1 pentane-dichloromethane and chromatographed at − 35°C with pentane -dichloromethane on silica (ratio decreasing from 2:1 to 1:1). A yellow band is eluted. The solvent is removed in vacuo to afford 
E/Z-(S)-6a as a yellow powder, E/Z-(S)-6b as a yellow highly viscous oil and E/Z-(S)-6c
Pentacarbonyl[3-((S)-2-methoxymethylpyrrolidino)-2-methyl-spiro[5.3]non-2-en-1-ylidene]chromium (E/Z-(S)-8a), pentacarbonyl[3-((S)-2-methoxymethylpyrrolidino)-2,4,4-trimethyl-cyclobut-2-en-1-ylidene]chromium (E/Z-(S)-8b), and pentacarbonyl[3-((S)-2-methoxymethylpyrrolidino)-
2-methyl-4,4-diphenyl-cyclobut-2-en-1-ylidene]-chromium (E/Z-(S)-8c)
The reaction of of (S)-(+)-2-methoxymethyl-pyrrolidine ((S)-7) (0.40 mmol, 45 mg) with 0.25 mmol of 3 (95 mg 3a, 85 mg 3b, 115 mg 3c) and the chromatography are carried out analogously to Section 3.4. As the eluent, pentane-dichloromethane -diethyl ether (ratio decreasing from 1:1:0 to 1:3:1) is used. 
E/Z-(S)-8a is obtained as a yellow powder, E/Z-(S)-8b as a yellow highly viscous oil and E/Z-(S)-8c
Reaction of 3a and 3b with amino acid methylesters
A solution of 4 mmol of the corresponding Lamino acid methylester (Leu, Phe, Met) in 4 ml of dry methanol is added at − 40°C to a solution of 0.6 mmol of 3a and 3b, respectively, in 10 ml of dry methanol. After 15 min, the solution is allowed to warm to r.t. and stirred for 30 min. The color of the solution changes from orange to yellow. The solvent is removed in vacuo. The oily brown-yellow residue is dissolved in a few ml of CH 2 Cl 2 and chromatographed at − 20°C on silica. First, excess ester and Cr(CO) 6 are eluted with 9:1 pentane-CH 2 Cl 2 and then the product complex with 9:1 CHCl 3 -MeOH and 1:1 CHCl 3 -THF. The solvent is removed in vacuo and the solid complexes (10a,b and 12a,b) are recrystallized from pentane/CH 2 Cl 2 . The methionine methylester derivatives 14a,b are obtained as oils. Pentacarbonyl(2,4,4-trimethyl-3-N-(S)-phenylalaninyl methylester-cyclobut-2-en-1 
Pentacarbonyl(3-N-(S)-leucinyl methylester-2-methyl-spiro[3.5]cyclobut-2-en-1-ylidene)-
At −40°C, a solution of cysteamine (0.39 mmol, 30 mg) in 1 ml of methanol is added to a solution of 3a (0.24 mmol, 0.09 g) in 4 ml of methanol. The solution is stirred at − 40°C for 10 min and then for another 25 min at r.t. The solvent is removed in vacuo, the residue dissolved in 8 ml of pentane -dichloromethane (3:1) and chromatographed at −35°C with pentanedichloromethane (ratio decreasing from 1:0 to 1:2) on silica. The yellow band containing Z-16a is eluted. Removal of the solvent in vacuo and recrystallization from pentane-dichloromethane (1:1) affords Z-16a as a yellow powder. Yield 0.07 g (70% relative to 3a) . M.p. 115°C (dec.). IR (pentane) w(CO) (cm 
At − 40°C, a solution of cysteamine (0.54 mmol, 43 mg) in 1.5 ml of methanol is added to a solution of 3c (0.33 mmol, 0.15 g) in 6 ml of methanol. The solution is stirred for 15 min at −40°C and then for another 15 min at r.t. The solvent is removed in vacuo, the residue dissolved in 3 ml of dichloromethane and chromatographed at − 35°C with pentanedichloromethane (ratio decreasing from 2:1 to 0:1) on silica. The second yellow band is eluted. Removal of the solvent in vacuo gives E/Z-16c as an orange, highly viscous oil. Yield 0.11 g (73% relative to 3c). IR (CH 2 Cl 2 ) w(CO) (cm . in ; 4990 independent reflections, 3901 reflection with I \ 2|(I); 505 refined parameters; R = 0.0451, wR 2 = 0.0993. Largest difference peak (hole): +0.292 ( −0.226) e A , − 3 . The measurement was performed at −35°C with a crystal mounted in a glass capillary on a Siemens P4 diffractometer (graphite monochromator, Mo -K a radiation, u = 0.71073 A , ). The structure was solved by direct methods using the SHELXTL PLUS (VMS) program package. The positions of the hydrogen atoms were calculated by assuming ideal geometry (d C H =0.96 A , ), and their coordinates were refined together with those of the attached carbon atoms as a riding model. The positions of all other atoms were refined anisotropically by the full-matrix least-squares method. The crystal consisted of two independent molecules.
X-ray structural analysis of E-10b
Supplementary material
Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Center, CCDC no. 147723 for complex E-10b. Copies of the data may be obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-336033; e-mail: deposit@ ccdc.cam.ac.uk or www.ccdc.cam.ac.uk
